A close correlation between vitamin D receptor (VDR) abundance and cell proliferation rate has been shown in NIH-3T3 fibroblasts, MCF-7 breast cancer and in HL-60 myeloblastic cells. We have now determined if this association occurs in other leukemic cell lines, U937 and K562, and if VDR content is related to c-myc expression, which is also linked to cell growth state. Upon phorbol myristate acetate (PMA) treatment, cells from the three lineages (HL-60, U937 and K562) differentiated and expressed specific surface antigens. All cell lines analyzed were growth inhibited by PMA and the doubling time was increased, mainly due to an increased fraction of cells in the G0/G1 phase, as determined by flow cytometry measurements of incorporated bromodeoxyuridine and cell DNA content. C-myc mRNA expression was down-regulated and closely correlated to cell growth arrest. However, VDR expression in leukemic cell lines, as determined by immunofluorescence and Northern blot assays, was not consistently changed upon inhibition of cell proliferation since VDR levels were down-regulated only in HL-60 cells. Our data suggest that VDR expression cannot be explained simply as a reflection of the leukemic cell growth state.
Introduction
Vitamin D receptor (VDR) is a nuclear transcription factor, a member of the steroid/ thyroid hormone receptor family, which mediates the physiological actions of its hormone ligand, 1,25-dihydroxyvitamin D 3 (1) . VDR is expressed in a large variety of mammalian cells from almost every tissue that has been examined thus far. VDR is also present in numerous fresh cancer cells and in a variety of cancer cell lines, as well as in various kinds of hematopoietic cells and leukemic cell lines (2, 3) .
Regulation of VDR content is still a matter of investigation. VDR abundance seems to be modulated by a variety of hormones, growth factors and developmental signals (4) . High levels of VDR expression and high cell proliferation rates were reported in primary cultures of mouse bone (5) and in cultured bovine aortic endothelial cells (6) , as well as in NIH-3T3 mouse fibroblasts and in MCF-7 human breast cancer cells (4) . In addition, our previ-ous work showed that in HL-60 myeloblastic cells, VDR expression is correlated with the proliferation rate expressed by the fraction of cells in the G0/G1 phase (7) .
Another gene whose expression is tightly linked to the cell growth state is c-myc. This proto-oncogene belongs to a family of related genes involved in the control of normal cell proliferation, induction of neoplasia and apoptosis. C-myc protein is a transcription factor that acts in conjunction with its partner Max, sustaining a program of cell growth through the activation of a specific set of target genes (8) . Growth inhibition and cmyc down-regulation were reported upon phorbol 12-myristate 13-acetate (PMA) treatment of leukemic cell lines such as HL-60, U937 (9) and K562 (10) . Furthermore, correlations between c-myc and VDR expression in a rat osteogenic sarcoma cell line and mouse skin fibroblasts have been previously demonstrated (11) .
In the present work, the association between VDR expression and cell proliferation rate was investigated in three leukemic lineages representing distinct stages of hematopoietic cell differentiation: HL-60, U937 and K562. K562 is an undifferentiated multipotential cell line obtained from a patient with chronic myelogenous leukemia during a blast crisis (12) ; the HL-60 cell line was established from a patient with incompletely differentiated myeloblastic leukemia (13); U937 is a promonocytic cell line derived from a patient with diffuse histiocytic lymphoma (14) . We have attempted to determine in these cell lines if VDR and c-myc expression would follow the same pattern of down-regulation upon PMAinduced growth arrest.
Material and Methods
Cell culture HL-60, U937 and K562 cells (American Type Culture Collection, Rockville, MD, USA) were grown as previously described (3) . Cells at an initial density of 1 x 10 5 cells/ ml were treated with vehicle alone (control) or exposed to 60 nM PMA for 96 h as previously determined in dose (data not shown) or time (7) 
Cell kinetic assays
Cells were evaluated for DNA content using the DNA-intercalating agent propidium iodide (PI) as described (16) . Percentage of cells in the G0/G1, S and G2/M phases was evaluated using the Multicycle software (Phoenix Flow Systems, San Diego, CA, USA). Kinetic parameters were evaluated by flow cytometry by correlating bromodeoxyuridine (BrdUrd, a halogenated thymidine analogue, Sigma Chemical Co., St. Louis, MO, USA) incorporation indicating DNA synthesizing cells with DNA quantitation by PI. Cells were processed as described by Schutte et al. (17) . Briefly, 10 7 cells (10 6 cells/ml) in the presence or absence of inducers were pulse labeled by incubation with 50 µM BrdUrd for 30 min at 37 o C in a humidified atmosphere with 5% CO 2 . After being washed twice in phosphate-buffered saline (PBS), cells were returned to culture conditions and harvested at progressive time intervals in order to allow progression through the cell cycle. Cells were fixed in 70% ethanol for at least 12 h, rinsed twice with PBS and incubated with 2 ml pepsin, 0.4 mg/ml in 0.1 N HCl, for 30 min at room temperature (RT) in the dark. Following two washes with PBS, cells were treated with 2 ml 2 N HCl for 30 min at 37 o C and washed twice with borax, pH 8.5, and twice with 1% PBS/BSA. Cells were then incubated with 20 µl fluorescein (FITC) anti-BrdUrd conjugate (BectonDickinson) in the dark for 30 min at RT, washed in PBS and resuspended in 500 µl PBS containing 5 µg/ml PI and RNase. The labeling index (LI) was estimated as the percentage of cells labeled with the monoclonal antibody directed to BrdUrd. Duration of the S phase (DNA synthesis time, Ts) and potential doubling time (Tpot) were calculated based on the relative movement of cells that incorporated BrdUrd and progressed through the cell cycle (18) .
VDR evaluation using a specific monoclonal antibody VDR expression was evaluated in indirect immunofluorescence assays using a specific murine MoAb. Cells were fixed in 70% cold ethanol and maintained at -20 o C for at least 12 h, washed twice in PBS and incubated with 13 µg/ml anti-VDR (VD2F12) (19) for 60 min. Positivity for the marker was calculated by enumerating the cells located above the channel where 1% of positivity was obtained for the background stain. Fluorescence intensity, which reflects the number of antigen molecules/cell, was evaluated on the basis of the mean fluorescence channel as described in phenotypic analysis.
RNA isolation and Northern blot assays
Total RNA was prepared from 10 7 cells using 5.7 M CsCl, pH 7.0, gradient centrifugation (20) . Twenty-microgram samples were electrophoresed on 1% agarose-3% formaldehyde gels and the RNA was transferred to Hybond N nylon filters (Amersham International, Little Cholfont, Buckinghamshire, England) which were hybridized in 50% formamide, 5X SSPE, 0.2% SDS, 5% dextran sulfate, 5X Denhardts solution containing 100 µg/ml salmon sperm DNA, and 3 x 10 6 cpm/ml [a 32 P]dCTP (Amersham International) oligo-labeled specific probe using the random primer labeling technique (Klenow fragment of E. coli DNA polymerase, Gibco BRL, Gaithersburg, MD, USA) for 20 h at 42 o C. The following fragments were used as probes: a 1.7-kb EcoRI fragment of human c-myc cDNA (21) , and a 2.1-kb fragment of human VDR cloned at the EcoRI site of pGEM (22) . Membranes were washed for 15 min, twice at RT in 2X SSPE, 0.1% SDS, once in 1X SSPE, 0.1% SDS, once in 0.2X SSPE, 0.1% SDS, and finally for 30 min at 52 o C in 0.1X SSPE and 0.1% SDS. Hybridization with the 18S ribosomal RNA probe (1.9-kb fragment cloned at the SalI/EcoRI site of plasmid pBR322) (23) was subsequently performed to check for equivalence of RNA loading. The 4.6, 2.2 and 1.9 hybridizing bands encountered were consistent with RNA coding for VDR, c-myc and 18S rRNA, respectively. Band intensities in autoradiograms were quantified by densitometric scanning (UltroScan XL, Pharmacia LKB Biotechnology, Uppsala, Sweden) and data are reported as the ratio of specific mRNA to 18S rRNA. All solutions were prepared as previously described (24) .
Statistical analysis
Statistical analysis was carried out using the Mann-Whitney two-tailed test, with the level of significance set at P<0.05.
Results
A broad panel of monoclonal antibodies was used to recognize surface antigens regulated during induction of cell maturation. It comprised CD11a, CD11b, CD11c and CD18, members of the ß2 family of leukocyte integrins; CD71, or transferrin receptor, expressed by most proliferating cells; CD14, the lipopolysaccharide receptor; CD34, a glycoprotein present on hematopoietic precursor cells; CD33, a marker for colonyforming units for granulocytes, erythrocytes, monocytes, and megakaryocytes; CD13, an antigen present during the early phase of myeloid commitment; CD41a which reacts with glycoprotein IIb complexed with gpIIIa to form the main fibrinogen receptor, expressed by megakaryocytes and platelets, and glycophorin A, a transmembrane sialoglycoprotein expressed by erythroid cells (25) .
The proportion of HL-60 cells expressing each surface marker is summarized in Table 1 . A high percentage (>50%) of HL-60 myeloblastic cells expressed CD33, CD13, CD18, CD11a and CD71 molecules. After a 96-h exposure to 60 nM PMA, HL-60 cells differentiated along the monocytic/macrophagic pathway and the fraction of cells expressing CD11b, CD11c and CD11a antigens increased, the later becoming similar to that observed in normal monocytes. There was a reduction in the proportion of cells expressing CD71 molecules, whereas we could not detect changes in CD13, CD14, CD33 or CD18 expression.
A high proportion (>90%) of U937 myelomonoblastic uninduced cells exhibited CD13, CD11a and CD18 antigens and 24% expressed CD14 antigen (Table 1) . Upon 96 h of PMA treatment, the percentage of Table 2 , 25% of K562 cells expressed glycophorin A and 71% presented CD71. Both surface antigens were diminished upon exposure to PMA for 96 h. There was a weak induction of CD41a, CD11a and CD18 molecules, which were absent in control cells.
Proliferation was evaluated by the fraction of cells with typical G0/G1 phase DNA content following PI staining. To better understand the effects of inducers on these cell lines, a more specific analysis of cell cycle kinetics was performed using BrdUrd. By competing with thymidine, BrdUrd is incorporated into newly synthesized DNA and can be detected by flow cytometry after fluorescein-labeled anti-BrdUrd antibody application. The cohort of BrdUrd-labeled cells (LI) may be followed at various time points in the cell cycle, providing kinetic estimates of DNA Ts and cellular Tpot, as demonstrated in Figure 1 .
HL-60 cells were growth inhibited after PMA treatment as verified by an accumulation of cells in the G0/G1 phase of the cell cycle ( Table 3 ) that increased from 52% (control cells) to 87% (PMA-treated cells). PMA induction was associated with an increase in Tpot, which doubled compared to unexposed cells and reached 50 h, basically due to a decrease in LI from 49% (control cells) to 26%. U937 cells were growth arrested upon PMA treatment, so that it was not possible to calculate the Tpot, as cells were no longer synthesizing DNA. K562 cells showed the shortest Tpot (12 h) among the three cell lines analyzed, mainly due to their shorter DNA synthesis time. Upon PMA induction, Tpot was enhanced to 18 h. However, only small variations were observed in LI and Ts (Table 3) . To determine whether there were changes in VDR expression during induction of differentiation of U937 and K562 cell lines, immunofluorescence and Northern blot assays were performed. U937 cells expressed a higher amount of VDR mRNA than HL-60 cells, whereas VDR message could scarcely be detected in K562 cells (Figure 2 ). VDR protein expression was detected in 78.2% (± 18.1; N = 6) of U937 control cells and this proportion was maintained in PMA-treated cells (76.3 ± 8.4%; N = 6), as determined in immunofluorescence assays (Figure 3) . Accordingly, VDR mRNA steady state levels did not show major changes in PMA-exposed U937 cells as compared to untreated cells (Figure 4) . Although the percentage of PMA-treated K562 cells labeled with anti-VDR monoclonal antibody (60.1 ± 16.3%; N = 6) remained unchanged as compared to control cells (55.3 ± 21.1%; N = 6) ( Figure  3 ), VDR mRNA was enhanced two-fold upon PMA induction (Figure 4) .
Expression of c-myc mRNA was compared to VDR mRNA expression upon in- (Figure 4) . Cells of all three lineages presented c-myc in Northern blot assays that followed a similar pattern of modulation upon PMA induction, as the transcripts were down-regulated when compared to uninduced cells. Specifically in HL-60 cells, cmyc mRNA levels almost disappeared after a 96-h PMA exposure, and in K562, PMA treatment did not cause such an intense reduction as that observed on the other two cell lines.
Discussion
After phorbol ester treatment, HL-60 and U937 cells did not achieve a phenotype similar to that observed on monocytes obtained from peripheral blood of normal donors. We observed an enhancement in CD11a, CD11b and CD11c antigen expression consistent with the increased steady state levels of each respective message, as also shown by other authors (26) (27) (28) . However, the CD14 molecule, which is the endotoxin receptor highly expressed in human monocytes (29) , was not induced upon PMA exposure of both cells. These data agree with those reported by some authors (30,31) but not with those reported by others (32) . Various factors might be involved in these different responses such as source of serum and inducer concentration, in addition to differences occurring in cells during repeated passages. As a matter of fact, we observed that a slight proportion of U937-uninduced cells already expressed the CD14 antigen as reported by Hewison et al. (31) , but not by Gidlund et al. (33) .
Phorbol ester induction of K562 cells led to the appearance of both megakaryocytic and myelomonocytic markers, as already reported (34) . According to Silver et al. (35) , PMA stimulates K562 cells to synthesize the ß integrin subunit gpIIIa. Our cells, however, did not reach the previously reported values. The antibody we used, which recognizes the glycoprotein IIb/IIIa complex and is not specific for glycoprotein gpIIIa, could explain this fact. The strong reduction of cell surface transferrin receptors observed in PMA-treated K562 cells as compared to a small reduction in kinetic parameters could be attributed to an immediate PMA action leading to receptor endocytosis, followed by decreased synthesis upon prolonged exposure. These effects might be regulated by protein kinase C (PKC), having no association with the acquisition of the differentiated phenotype or growth arrest (36) . The kinetic properties of HL-60-uninduced cells determined by us are similar to those described by Mehdi et al. (37) . The potential doubling time of U937 cells resulting from the double label technique confirms previous data obtained by analysis of growth curves (38) . However, in K562 cells, the potential doubling time we obtained by bivariate distributions of BrdUrd labeling versus DNA content was lower than that determined before by growth curve experiments (39) . Discrepancies in cell behavior could be a consequence of differences occurring during progressive cell passages. In PMA-treated K562 cells, we did not observe the polyploidization reported by Yen et al. (39) . This fact could be explained by the lower rate of differentiation attained by our cells upon PMA exposure. The present data indicate that growth inhibition induced by PMA in the three cell lines analyzed is mainly a consequence of the accumulation of cells in the G0/G1 phase as DNA synthesis time was not prolonged. To our knowledge, this is the first report of the kinetic parameters of the three leukemia cell lines upon PMA induction.
VDR and c-myc mRNA expression is regulated differently in the three cell lines studied and only the decrease in c-myc transcripts paralleled cell growth inhibition, in accordance with previous studies describing c-myc down-regulation upon PMA stimulation of K562 (10), HL-60 and U937 cells (9) .
We have already shown that in HL-60 cells VDR expression is transcriptionally regulated and decreases as cell growth is inhibited by PMA (7) . In the present study, we found that in this cell line both VDR and c-myc mRNA expression seem to be directly related to cell proliferation, in agreement with the findings of Manolagas et al. (11) , who reported that VDR and c-myc expression varies in a parallel fashion in mouse skin fibroblasts.
In U937 cells, the effects of PMA appear to be more complex, since PMA causes a decrease in c-myc mRNA steady state level without a parallel reduction in VDR expression. The reason for this observation is not clear since PMA-exposed U937 cells were growth arrested and differentiated along the monocytic/macrophagic pathway in a similar pattern as HL-60 cells. Hewison et al. (31) showed that PMA treatment of U937 cells can increase 1,25-dihydroxyvitamin D 3 levels as a result of enhanced 1a hydroxylase activity. Vitamin D could, in turn, increase its own receptor stability, as previously reported (40) . Hence, such discrepancies might be attributed in part to homologous VDR up-regulation.
K562 cells contained the lowest amount of VDR mRNA among the three cell lines analyzed, as previously demonstrated (2) . In this cell line, VDR and c-myc mRNA expression was modulated in an opposite fashion, similar to the data reported by Hulla et al. (41) for colon adenocarcinoma cells. VDR mRNA and protein results were poorly correlated, suggesting that at least partial regulation of VDR levels occurs post-transcriptionally. We speculate that the up-regulated mRNA was not translated into protein, or the protein was rapidly degraded, or yet again a defective protein was translated, probably at the DNA binding site, preventing recognition by the site-specific monoclonal antibody we used (19) . On the other hand, even though the proliferation rate was diminished upon PMA treatment of K562 cells, only 48.5% of cells were in the G0/G1 phase, which contains the least amount of VDR as observed in HL-60 cells (7) .
Moreover, the VDR gene promoter was characterized and found to include potential binding sites for specific transcriptional regu-lators such as AP-1 and NFkB, which could mediate phorbol ester inducibility (42) . Phorbol esters are a group of compounds whose actions are mediated in part by PKC. At present, 11 isotypes of PKC are known to feature different cell type pattern of expression, suggesting characteristic functions for each PKC isoform (43) . We have found that PKCg isoform mRNA is only expressed by K562 cells and is absent in the other two cell lines (data not shown). This variability could also account for the different responses of VDR expression elicited by PMA in these leukemic cell lines.
Either differences in the origin of these cell lines or differential VDR content constitutively expressed by each cell lineage could be involved in subtle signal pathways that take place during PMA induction. We also speculate that the differential oncogene expression occurring in these cell lines induces distinct pathways, which blunt the effect of growth arrest on VDR levels. We have recently described that VDR expression and modulation can be altered by oncogenic transfection (44).
In conclusion, our data suggest that VDR expression cannot be explained simply as a reflection of the growth state of leukemic cells.
